Introduction {#Sec1}
============

Bisphosphonates are the most widely prescribed drugs for the treatment of osteoporosis worldwide \[[@CR1], [@CR2]\]. These drugs inhibit osteoclastic bone resorption, thus increasing bone density and reducing the risk of fractures \[[@CR3], [@CR4]\]. Bisphosphonates available on the market include alendronate, risedronate, etidronate, ibandronate, and the more recently marketed zoledronic acid \[[@CR5]--[@CR7]\]. On the whole, bisphosphonates are safe, although their use is limited by several adverse effects such as gastrointestinal disturbances, musculoskeletal pain, and acute phase reactions. More severe adverse reactions such as osteonecrosis of the jaw (ONJ), hypersensitivity, kidney disorders, and emerging safety signals such as atrial fibrillation (AF) have been rarely observed \[[@CR6], [@CR8], [@CR9]\]. In particular, AF has been detected as a potential signal of intravenous zoledronic acid and oral alendronate treatment in postmenopausal women \[[@CR10]--[@CR13]\]. According to Cummings \[[@CR14]\], parenteral administration of bisphosphonates may increase the release of inflammatory cytokines which have been associated with AF.

The HORIZON (Health Outcomes and Reduced Incidence with Zoledronic Acid Once Yearly) study showed an increased risk of serious AF in patients receiving a yearly infusion of zoledronic acid when compared with a placebo (50 vs. 20 patients; *p* \< 0.001) \[[@CR12], [@CR15]\]. In the FIT (Fracture Intervention Trial) study, a trend towards an increased risk of AF with the use of alendronate compared to that of a placebo was observed, although this finding did not exhibit the statistical significance (relative risk, 1.14; 95 % confidence intervals (CI), 0.83--1.57) \[[@CR14], [@CR16]\]. Furthermore, a few population-based case-control studies reported controversial results concerning the association between use of alendronic acid and AF risk \[[@CR11]--[@CR13], [@CR17]--[@CR21]\]. In light of the current scientific evidence, the US Food and Drug Administration (FDA) noted that no firm conclusions could be drawn concerning relationships between AF and bisphosphonate treatment \[[@CR22]\].

AF is considered the most important type of cardiac arrhythmia in the elderly population, and it is a potential trigger for fatal strokes, thromboembolism, and worsening heart failure. The known risk factors of AF are heart failure, diabetes, hypertension, myocardial infarction, and smoking, among others \[[@CR23]--[@CR26]\], and given the frequency and clinical relevance of AF, further studies are urgently needed to verify whether bisphosphonate (BP) use may truly represent a risk factor for AF. No studies of the relationship between BP use and AF onset have been conducted thus far in Italy. Accordingly, the aim of this population-based database study was an assessment of the association of bisphosphonate use with AF risk in Italian adults aged 55 years or more, by employing a nested case-control study in a cohort of new users of BP.

Methods {#Sec2}
=======

Data sources {#Sec3}
------------

Data for this study were obtained from the Bisphosphonates Efficacy-Safety Trade-off (BEST), a multicenter observational study sponsored by the Italian Pharmaceutical Agency (Agenzia Italiana del Farmaco, AIFA), whose design and primary results have been published previously \[[@CR27]\]. The data sources were outpatient drug-dispensing and hospital discharge diagnoses from ten local health authorities (LHAs) in five Italian regions, which covered a population of about 18 million citizens from July 1, 2003 to December 31, 2006. In this database network, drug dispensing is coded according to the Anatomical Therapeutic Chemical (ATC) classification system, while hospital discharge diagnoses are coded using the International Classification Disease 9th version-Clinical Modification (ICD-CM). Fully anonymous patient-level data from participating centers were combined in a unique central data warehouse, and the ethical committee of each participating LHA approved the study.

Cohort selection {#Sec4}
----------------

People aged 55 years and over with at least one BP prescription during the study period were recruited, and the date of their first dose was used as their entry into the study. Only new users (with no previous prescription of BP within a 6-month period prior to entry in the study) were included.

Subjects with a history of hospitalization due to malignant neoplasm (ICD-9: 140 to 208) or atrial fibrillation (ICD-9: 427.31) at study entry were excluded (Fig. [1](#Fig1){ref-type="fig"}), and each patient was followed from the study entry date until the occurrence of AF, cancer, death, or the end of the study period (December 31, 2006), whichever came first.Fig. 1Flow chart of the bisphosphonate cohort and case-control selection process

Study design {#Sec5}
------------

A case-control study nested in a cohort of new users of BP was performed in order to assess the risk of AF with BP use. All analyses were specified a priori in the study protocol.

Case and control definitions {#Sec6}
----------------------------

A case was defined as a person with a primary discharge diagnosis of incidental AF (ICD-9: 427.31) during the study period. The date of a diagnosis of AF was considered as the index date (ID), and every case was matched with up to ten controls from the same cohort by age, sex, and time of cohort entry. Controls were selected using incidence density sampling. In general, this method consists of matching each case to a sample of those who are at risk at the time of case occurrence \[[@CR28]\]. The index date of the controls was the same as those for the matched cases.

Exposure assessment {#Sec7}
-------------------

The area of interest included all BP marketed in Italy (ATC: M05BA\* and M05BB\*). The duration of exposure for each prescription was calculated by dividing the total amount of the drug dispensed by the defined daily drug specific dose (DDD). Three mutually exclusive categories were defined according to the temporal proximity of BP use: current use, if the estimated exposure to BP covered the index date or ended within 90 days prior to ID (i.e., carry-over period) \[[@CR18]\]; recent use, if the exposure to BP ended between 91 and 180 days prior to ID; and past use, if the exposure to BP ended 181 and 365 days prior to ID. In addition, distant past use was used as reference category for all the analyses, if the exposure to BP had ended more than 365 days prior to ID.

Covariates {#Sec8}
----------

Known risk factors for AF were identified by searching among primary/secondary hospital discharge diagnoses or drug prescriptions. The presence of the following potential risk factors was evaluated for any period prior to ID: myocardial infarction, angina pectoris (defined by diagnosis or use of nitrates), heart failure, diabetes mellitus (defined by diagnosis or use of hypoglycemic drugs), hyperthyroidism, and prior use of antihypertensive drugs (including beta-blockers), lipid lowering drugs, antithyroid drugs, oral corticosteroids, and estrogens/hormone replacement therapy (HRT). In addition, a history of specific types of fractures was also considered: pelvic, hip, femur, tibia, fibula, and vertebral fractures.

Data analysis {#Sec9}
-------------

Chi-square tests for categorical variables and Student *t* tests for continuous variables were used to assess the differences between cases and controls. The incidence rate of diagnosis of AF in the cohort of new users of BP was calculated as the number of events occurring during follow-up divided by the cumulative person-years of exposure in the study period. A conditional logistic regression was performed to obtain the odds ratio (OR) as an estimate of the relative risk of AF for different BP exposure categories. ORs and 95 % CI were calculated for current, recent, and past use of bisphosphonates, whether separately, overall, and or single compound, using distant past use as the reference category. All of the potential risk factors which were univariately associated with the outcome (*p* \< 0.05) were considered to be potential confounders and were included in the final multivariate models.

In addition, the potential effect modification of all covariates, including age and sex, were investigated. To rule out possible outcome misclassification in a sensitivity analysis, we excluded those patients who were treated with digoxin or warfarin as proxy for AF prior to the study entry date. To assess misclassifications of exposure, the effects of varying carry-over periods of 30 to 90 days were evaluated. The statistical analyses were performed using SPSS 18.0 (SPSS, Inc., Chicago, IL). For all of the analyses, statistical significance was set at *p* \< 0.05.

Results {#Sec10}
=======

Between July 1, 2003 and December 31, 2006, 171,040 new users of BP were identified. Of these, 122,346 (71.5 %) were retained in the final study cohort after considering the exclusion criteria (Fig. [1](#Fig1){ref-type="fig"}). In the final cohort of BP users, 726 (0.6 %) cases of AF were identified in the follow-up study. The incidence rate (IR) of AF diagnosis in the cohort of new users of BP was 3.65 per 1,000 person-years (PYs) (95 % CI, 3.40--3.92) (Table [1](#Tab1){ref-type="table"}). The incidence rate was higher in males (4.59 per 1,000 PYs) than in females (3.51 per 1,000 PYs) and increased with advancing age. After matching by age, sex, and index date, 7,260 controls were identified.Table 1Incidence rates of atrial fibrillation per 1,000 person-years by sex and age in the Italian cohort of new users of bisphosphonates (*n* = 122,346)AllMenWomenAge groups (years)Cases/pyIncidence rate (95 % CI)Cases/pyIncidence rate (95 % CI)Cases/pyIncidence rate (95 % CI)55--59 years11/11,1180.99 (0.53--1.71)2/14551.37 (0.27--4.41)9/96630.93 (0.46--1.7)60--64 years37/20,8551.77 (1.27--2.42)7/26062.69 (1.20--5.27)30/18,2491.64 (1.13--2.31)65--69 years72/31,7662.27 (1.79--2.84)17/38504.42 (2.67--6.91)55/27,9161.97 (1.5--2.54)70--74 years122/37,8053.23 (2.7--3.84)16/45973.48 (2.07--5.52)106/33,2083.19 (2.63--3.84)75--79 years215/41,3265.20 (4.55--5.93)42/52757.96 (5.82--10.65)173/36,0514.80 (4.12--5.55)80--84 years157/34,8824.50 (3.84--5.25)17/47313.59 (2.17--5.62)140/30,1514.64 (3.92--5.46)85 years112/21,1195.30 (4.39--6.36)16/29695.39 (3.21--8.54)96/18,1505.29 (4.31--6.43)Total726/198,8713.65 (3.40--3.92)117/25,4834.59 (3.81--5.48)609/173,3883.51 (3.24--3.80)Standardized^a^2.44(1.91-3.12)*py* person-years, *CI* confidence interval^a^Age---standardized incidence rate using World Health Organization reference population

The characteristics of the cases and controls are shown in Table [2](#Tab2){ref-type="table"}. Most participants were females (83.9 %) with a mean age at cohort entry of 76.9 ± 7.6 years. More than 60 % of patients were over 75 years old. Cases were more likely to be affected by cardiovascular diseases and to be treated with lipid lowering drugs, oral corticosteroids, or antithyroid drugs than with controls. Table 2Characteristics of cases of atrial fibrillation and controlsCharacteristicsCases\
*n* = 726PercentControls\
*n* = 7260Percent*p* valueGender, female60983.88609083.88--Age^a^76.9 ± 7.6476.9 ± 7.65--Age categories 55--65 years598.106028.30 66--75 years21930.20215529.70 76--85 years36149.70363750.10 \>85 years8712.0086611.90Cardiovascular diseases Angina pectoris20327.96121519.95\<0.001\* Myocardial infarction202.75921.510.001\* Heart failure8011.021993.27\<0.001\* Antihypertensive drugs62786.36518685.16\<0.001\*Diabetes mellitus8411.5778012.810.494Estrogen/hormone replace therapy354.823345.480.787Any type of fractures7810.7466910.990.177Prior use of drugs Use of lipid lowering18124.93149720.620.007\* Oral corticosteroids27137.33218430.08\<0.001\* Antithyroid182.48871.200.004\*\**p* \< 0.05 (significant)^a^The data is mean ± standard deviation

After adjustment for potential confounders, an increased risk of AF among current users of BP was observed in comparison with those who had discontinued BP treatment for more than 1 year prior to ID (OR, 1.78; 95 % CI, 1.46--2.16). Using the same method of comparison, the risk of AF also remained statistically significant in recent users of BP (OR, 1.70; 95 % CI, 1.27--2.28) and past users of BP (OR, 1.41; 95 % CI, 1.07--185) (Table [3](#Tab3){ref-type="table"}).Table 3Association between exposure to oral bisphosphonates and atrial fibrillationCases\
*n* = 726 (%)Controls\
*n* = 7260 (%)Crude OR\
(95 % CI)Adjusted OR\
(95 % CI)Current373 (51)3129 (43)1.71 (1.41--2.08)1.78 (1.46--2.16)Recent78 (11)667 (09)1.68 (1.26--2.23)1.70 (1.27--2.28)Past96 (13)1006 (14)1.38 (1.06--1.80)1.41 (1.07--1.85)Distant past179 (25)2458 (34)ReferenceReferenceAdjusted for angina pectoris, heart failure, antihypertensive drugs, myocardial infarction, use of lipid lowering drugs, oral corticosteroids, and antithyroid drugs. Categories of users: current (0--90 days prior to index date), recent (91--180 days), past (181--365 days), and distant past (365+ days)*CI* confidence interval, *OR* odds ratio

When stratifying by single compound use (Table [4](#Tab4){ref-type="table"}), current users of alendronate (OR, 1.97; 95 % CI, 1.59--2.43) in combination with colecalciferol, and risedronate were associated with the highest risk of AF as compared with those who had stopped BP more than 1 year prior to the study entry date.Table 4Associations between atrial fibrillation and oral bisphosphonates by single compoundCases\
*n* = 726 (%)Controls\
*n* = 7260 (%)Crude OR\
(95 % CI)Adjusted OR\*\
(95 % CI)Current users (0--90 days) Etidronate0 (0.00)7 (0.10)(NA)NA Clodronate4 (0.55)34 (0.47)1.66 (0.58--4.76)1.68 (0.58--4.88) Alendronate255 (35.12)1930 (26.58)1.88 (1.53--2.31)1.97 (1.59--2.43) Risedronate82 (11.29)868 (11.96)1.36 (1.03--1.79)1.35 (1.01--1.79) Neridronic acid12 (1.65)119 (1.64)1.43 (0.77--2.66)1.46 (0.78--2.75) Alendronate plus colecalciferol15 (2.07)132 (1.82)1.67 (0.94--2.96)1.79 (1.00--3.21) More than one BP within the same period of time.5 (0.69)39 (0.54)1.83 (0.71--4.7)2.07 (0.79--5.46)Recent users (91--180 days) Etidronate0 (0.00)6 (0.08)(NA)NA Clodronate3 (0.41)12 (0.17)3.42 (0.95--12.23)4.12 (1.1--15.36) Alendronate44 (6.06)420 (5.79)1.50 (1.06--2.13)1.49 (1.04--2.14) Risedronate20 (2.75)165 (2.27)1.76 (1.07--2.88)1.87 (1.13--3.08) Neridronic acid1 (0.14)43 (0.59)(NA)NA Alendronate plus colecalciferol7 (0.96)16 (0.22)6.72 (2.63--17.17)6.63 (2.48--17.70) More than one BP within the same period of time.3 (0.41)3 (0.04)13.64 (2.73--68.12)11.38 (2.24--57.73)Past users (181--365 days) Etidronate0 (0.00)6 (0.08)(NA)NA Clodronate1 (0.14)16 (0.22)(NA)NA Alendronate63 (8.68)635 (8.75)1.44 (1.06--1.95)1.46 (1.06--1.99) Risedronate28 (3.86)251 (3.46)1.62 (1.06--2.48)1.63 (1.05--2.51) Neridronic acid2 (0.28)76 (1.05)(NA)NA Alendronate plus colecalciferol0 (0.00)13 (0.18)(NA)NA More than one BP within the same period of time.2 (0.28)11 (0.15)(NA)NADistant past user of any BP \> 365 days179 (24.66)2458 (33.90)ReferenceReferenceAdjusted for angina pectoris, myocardial infarction, heart failure, antihypertensive drugs, use of lipid lowering drugs, oral corticosteroids, and antithyroid therapy

No significant effect modifications for age and sex were found. Furthermore, our main findings remained unchanged in a sensitivity analysis that excluded patients with a prescription of digoxin or warfarin before their cohort entry.

Discussion {#Sec11}
==========

To our knowledge, this is the first Italian multicenter study exploring the risk of AF in association with BP exposure. We found that current users of bisphosphonates are at a higher risk of AF compared to those who had stopped BP treatment at least 1 year before. However, a somewhat increased risk was observed for those who had stopped BP therapy within the prior year, suggesting that the biological effect of bisphosphonates on the heart, underlying a possible increase in AF risk, may persist for some time after the discontinuation of BP treatment. This finding is coherent with pharmacokinetic studies showing that BP remains in the bone for years, potentially continuing to exert its effects on the bone as well as on the heart \[[@CR29]--[@CR32]\].

A double-blind RTC concurrent multicenter study of postmenopausal women with osteoporosis evaluated the effects of alendronate over a 10-year period. The results showed that patients who stopped alendronate at year 5 retained significant BMD values above baseline values in the last year of the study at lumbar spine, trochanter, total hip, and total body locations \[[@CR33]\]. This implies that BP can have effects on bone composition even after the end of treatment. A study of children exposed to oral pamidronate for a mean period of 6.7 years demonstrated that after treatment withdrawal, BP was detectable in their urine after an average of almost 8 years \[[@CR34]\].

Various bisphosphonates differ in terms of the mineral-binding and cellular effects which may result in different clinical effects \[[@CR35], [@CR36]\]. In our study, current users of alendronate and risedronate had the highest increases in AF risk when compared to those patients who had stopped bisphosphonates for more than 1 year.

It is well known that observational studies cannot randomly assign exposure, and this limitation can lead to confounding effects because of different baseline risks for the exposure categories. In general, patients who are treated with bisphosphonates may have a higher baseline risk of AF compared to those who are not treated. In our study, by choosing as reference group those BP users who had stopped treatment more than 1 year before, we attempted to minimize the effects of confounding by indication. However, this possibility of risk cannot be totally ruled out. Baseline risk can also differ between patients who stopped treatment versus those who continued with BP treatment. In comparison with other studies using non-use of BP as the point of reference, our study is likely to be much less affected by this type of confounding. Although we could not address all possible confounders, we adjusted the multivariate analyses for the most important confounding factors.

There exists a large body of evidence about the association between AF and BP (Appendix [1](#MOESM1){ref-type="media"}). In particular, our results are in line with the study by Abrahamsen et al. \[[@CR11]\], which found an association between oral BP and AF in patients with fractures (hazard ratio, 1.18; 95 % CI, 1.08--1.29). Similar results were reported in a case-control study ("The Group Health study"), which documented higher AF risk for alendronate users compared with non-users of BP (OR, 1.86; 95 % CI, 1.09--3.15). The patient characteristics were similar to those in our study in terms of age and the burden of cardiovascular diseases \[[@CR13]\]. In line with our findings, a recent meta-analysis of six observational studies (OR, 1.27; 95 % CI, 1.16--1.39) and six RCT (OR, 1.40; 95 % CI, 1.02--1.93) has reported an increased risk of AF among users of BP \[[@CR37]\].

On the contrary, a Danish study, using healthcare databases, showed an association between the use of etidronate and alendronate and AF that was not statistically significant when compared to non-users of BP. \[[@CR18]\]. It is possible that differences in study design and different prescription patterns for BP may account for the differences observed between the Danish study and ours.

The biological mechanisms explaining possible increases in the risk of AF in BP-treated patients is still unknown. It has been suggested that parenteral administration of BP can trigger inflammation via cytokines, which might lead to a broad spectrum of cardiovascular effects including AF \[[@CR14]\]. Another study has suggested that alendronate-related changes of cytokine production are mediated through the regulation of transcriptional activity \[[@CR38]\]. In addition, evidence from autopsies has showed that long-term use of oral BP, such as alendronate can lead to calcification in the conducting system and atria \[[@CR37]\]. A recent study \[[@CR39]\] conducted on oral mucosa from BP-treated patients reported a significantly elevated production of cytokines (including IL-6). Interestingly, an in vitro study showed that atrial and, to a lesser extent, ventricular cardiomyocytes developed abnormalities in calcium dynamics when exposed to alendronate \[[@CR40]\].

In our study, some limitations have to be acknowledged: the data sources of the study did not capture the use of zoledronic acid, which is only intravenously administered in hospitals in Italy. We used dispensing data to evaluate the exposure status of the patients, and we had no information about their actual use of the medications. If the exposure misclassification exists due to poor compliance, it is however likely to be randomly distributed among the cases and controls, eventually leading to an underestimation of the true effects of BP. For some BP users, the exposure data were too limited and did not allow for robust risk estimates. Nevertheless, a wide range of BP use has been investigated, and since the database network which was used in the study comprises only information on hospital discharge diagnoses, it is likely that we captured only the more severe cases of AF that led to hospitalization, which in turn reduces the generalizability of our findings.

We also excluded cancer patients because they are at a higher risk of atrial fibrillation \[[@CR41]\], and these patients are difficult to trace by using administrative databases because of their possibly long stays in hospitals and other institutions, especially at advanced stages of the disease. Finally, cancer patients who receive bisphosphonates for the treatment of bone metastasis are generally treated in hospital with intravenous administrations of zoledronic acid and, as such, the use of this drug cannot be captured using our data sources, which were available only for outpatient prescriptions. For this reason, exposure to bisphosphonates in cancer patients would likely be misclassified, and we therefore preferred not to include these patients in the study, even if this decision limited the generalizability of our results.

We did not validate the AF cases because according to Jensen et al. \[[@CR42]\], the ICD-9 code 427.31 performs well in identifying AF in electronic health databases. Jensen's study evaluated 16 studies, of which 14 were comparable and yielded a positive predictive value (PPV) that was between 70 and 96 %. In addition, the exclusion of patients who were treated with digoxin and warfarin (as proxies of AF) did not change the main risk estimates, ruling out major effects of outcome misclassifications in the observed findings.

Current guidelines for the use of bisphosphonates do not specify to have early control for possible AF. However, we acknowledge that a standard clinical evaluation of the patients at the beginning of BP treatment may occasionally lead to diagnosis of hitherto hidden AF. The potential surveillance bias was however minimized in our study by conducting a case-control study nested in a cohort of new users of BP.

In conclusion, our results suggest that the use of bisphosphonates is associated with an almost double increase in the risk of AF when our population is compared to those who had stopped BP treatment before at least 1 year. This risk is especially elevated for current users of alendronate and risedronate. Moreover, the risk seems not to disappear immediately after stopping BP therapy, which may suggest either long-term effects of BP due to bone accumulation and slow release in the blood, or confounding by indication.
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